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Dietary interventions have been previously shown to influence lifespan in diverse model organisms. 
Manipulations with macronutrients content including protein and amino acids have a significant impact on 
various fitness and behavioral traits in the fruit fly Drosophila melanogaster. Therefore, we asked if yeast 
amount of the diet could influence stress resistance and antioxidant defense system in Drosophila. We ex-
amined the effects of four diets differing in the relative level of yeast, as a source of protein, on resistance to 
cold, heat, starvation and oxidative stress induced by menadione as well as activities of antioxidant enzymes 
and levels of oxidative stress markers. Protein restriction as well protein-enriched diet led to a reduction of 
survival under starvation and oxidative stress conditions. However, enhanced resistance to heat shock was 
affected by high yeast concentration in the diet. Also, protein-rich diets resulted in higher activity of antioxi-
dant enzymes. Increased levels of protein thiols, low-molecule mass thiols, lipid peroxides in response to high 
yeast concentration in the diet were detected in females only. thus, we can assume that consumption of a high 
protein diet could induce oxidative stress in fruit fly.

K e y w o r d s: nutrition, diet, oxidative stress, metabolism, fruit fly.

All organisms adapt and respond to the 
source of nutrients available from the en-
vironment. Metabolism, growth, and lon-

gevity directly depend on dietary conditions. The 
fruit fly Drosophila melanogaster has been exten-
sively used to study organismal response to different 
dietary  variations. Macronutrient balance, as well 
as quantity and quality of specific nutrients, are im-
portant determinants of various traits in Drosophila 
[1, 2]. The state-space modeling platform, such as 
the Geometric Framework (GF) was suggested to 
provide requirements of Drosophila organism for 
multiple nutrients, the values of foods in relation to 
these requirements [3].

The main macromolecules in food are proteins, 
lipids, and carbohydrates. However, consumption of 
nutritional components, which exceed the energy 

needs, could result in obesity [4, 5]. Dietary yeast 
provides essential nutrients for Drosophila surviv-
al such as amino acids, sterols, vitamins, and fatty 
acids [6, 7]. Lowering yeast concentration in the 
diet has been shown to prolong lifespan in D. mela-
nogaster [8]. Moreover, consumption of a diet with 
high protein-to-carbohydrate level leads to lifespan 
shortening and suggested about the harmful effect of 
protein overconsumption [1]. Studies performed in 
rodents showed increased survival of rats and mice 
under protein restriction [9, 10]. However, the mo-
lecular mechanisms responsible are unknown.

According to the mitochondrial free radical 
theory of aging, the generation of reactive oxygen 
species (ROS) can be one of the main factors that 
determine the aging rate. ROS are usually produced 
in the mitochondria. Balance between ROS overpro-
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duction and disposal is important for maintaining 
healthy redox processes within the cells [11]. Cel-
lular defense systems are important to minimize 
the detrimental effects of high ROS production as 
well as help to control oxidative stress [12]. Numer-
ous studies have documented the decrease in ROS 
generation and oxidative damage under calorie re-
striction (CR) conditions. However, how decreased 
nutrients intake causes these beneficial changes is 
still unclear. The mechanisms underlying the role 
of diet in the regulation of aging have been widely 
studied. Indeed, target of rapamycin (mTOR) path-
way suggested to be a regulator of physiological and 
metabolic traits in response to nutrient availability 
[13, 14]. Reduced protein intake also appears to ex-
tend lifespan by affecting the insulin/IGF-1 or TOR 
signaling pathways [13,15]. 

Here, we present a study in Drosophila aimed 
to understand how dietary protein as a considerable 
nutritional signal regulates functional senescence. 
Since the diet is a key regulator of metabolic pro-
cesses that are relevant to oxidative stress responses, 
we hypothesized that protein content in the food 
therefore could affect stress resistance and antioxi-
dant defense system of D. melanogaster. In the pre-
sent study, we completed an assessment of the im-
pact of dietary yeast on resistance to various stresses 
(cold, heat, starvation, menadione exposure) and oxi-
dative stress markers (antioxidant enzyme activities 
and the levels of carbonyl protein, lipid peroxides, 
thiols). We hypothesized that the content of yeast in 
the diet, the main source of proteins and amino ac-
ids, from adult food would be associated with deep 
physiological alterations which may be caused by a 
shift in cellular redox processes. The primary role of 
nutrient-sensing signaling pathways was proposed to 
link redox homeostasis with nutritional conditions.

materials and methods

Insects, maintaining and conditions. We used 
Сanton-S [D. melanogaster Meigen] flies received 
from the Bloomington Stock Center (Indiana Uni-
versity, USA). All flies were grown on a medium that 
containing 4% sucrose, 4% dry yeast, 1.2% agar and 
0.18% nipagin as an anti-fungal agent. Flies were 
reared at 25°C and relative humidity of 60-70% on 
a 12 h day/night cycle. Flies aged four days were 

abbreviations: SOD, superoxide dismutase; ROS, reactive oxygen species; GST, glutathione-S-transferase; G6PDH, 
glucose-6-phosphate dehydrogenase; IDH, isocitrate dehydrogenase.

separated by sex and kept on the above-mentioned 
medium for one more day for recovery after CO2 
anesthesia. Then male and female flies were placed 
separately at standard densities of 200 flies per 1.5 l 
demographic cages. Cages were supplemented with 
25 ml plastic vial filled with the 5 ml of experimen-
tal medium, containing 4% of sucrose and different 
concentrations of dry yeasts: 0.25, 4, 10, 15%, 1.2% 
of agar, 0.18% of nipagin. On the 25-th day of the 
experiment, flies were used for physiological tests or 
frozen in liquid nitrogen for biochemical measure-
ments. 

Resistance to starvation and oxidative stress. 
Resistance to starvation was measured by feeding 
experimental flies with 0.5% agarose medium. Sen-
sitivity to oxidative stress was assessed by adding 
20 mM menadione, an inducer of oxidative stress 
[16], into a 5% sucrose solution. For all treatments, 
15 flies were placed into 15 ml vial with 3 ml of me-
dium. The vials were changed every other day and 
dead flies were removed. Fly viability was checked 
daily at 9am, 3pm and 9pm.

heat shock sensitivity and recovery. 25-days 
old f lies that were previously fed by diets with 
different  dry yeast concentrations were subjected 
to heat and cold shock. Flies were placed into in-
dividual test tubes and heat shock was induced by 
placing the tube with a fly into a water bath set to 
43°C [17]. Full immobility was referred to as heat-in-
duced paralysis, and the time was scored. Then, flies 
were removed from the water bath and kept at room 
temperature (21-23°C) until full recovery of locomo-
tion. About 8-10 flies were tested for each experi-
mental cohort. Resistance to cold was determined 
through exposure flies to nonfreezing temperature 
(0°C), which caused cold coma usually referred to 
as “chill coma recovery” [18]. About 10 flies of each 
experimental cohort were placed in the glass vials, 
which were put on ice in the isolated boxes (0°C) for 
1 min. Then, motionless flies were transferred into 
Petri dishes at room temperature (21-23°C), and the 
time of recovery was recorded.

Enzymatic activities. Flies were homogenized 
using a Potter–Elvejhem glass homogenizer in 
cold 50 mM potassium phosphate buffer, pH 7.5, 
containing  0.5 mM EDTA and 1 mM PMSF (1:10 
w:v). Centrifugation was performed at 16000 g for 
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15 min at 4°C in an Eppendorf 5415R centrifuge 
(Germany). The supernatants were collected and 
used for the determination of enzymatic activities. 

The activities of superoxide dismutase (SOD, 
EC 1.15.1.1) and catalase (EC 1.11.1.6) were meas-
ured as described previously [19]. Briefly, SOD ac-
tivity was assayed at 406 nm by inhibition of querce-
tin oxidation by superoxide anion. One unit of SOD 
activity was defined as the amount of supernatant 
protein that inhibited the rate of quercetin oxidation 
by 50%. Catalase activity was registered by the rate 
of hydrogen peroxide decomposition at 240 nm. En-
zyme activity was calculated using the extinction 
coefficient for hydrogen peroxide 39.4 M-1cm-1.

Total activity of glutathione-S-transferase 
(GST, EC 2.5.1.18) was determined by measuring 
changes in absorbance of the conjugate formed be-
tween 1-chloro-2,4-dinitrobenzene and glutathione 
detected at 340 nm using molar absorption coef-
ficient 9600 M-1cm-1. The activities of glucose-
6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49) 
and isocitrate dehydrogenase (IDH, EC 1.1.1.49) 
were determined at 340 nm by the rate of formation 
of NADPH [20]. To calculate enzyme activities, an 
absorption coefficient for NADPH 6220 M-1cm-1 was 
used. One unit of GST, G6PDH, and IDH activity 
is defined as the amount of enzyme that consumes 
1 μmol of substrate or generates 1 μmol of product 
per minute. Activities are expressed as international 
units (or milliunits) per protein milligram.

 Oxidative stress markers. For making super-
natants flies were separated by sex, weighted and 
homogenized (1:10 w/v) with Potter-Elvjeham glass 
homogenizer with adding 50 mM potassium phos-
phate buffer, pH 7.5, containing 0.5 mM EDTA and 
1 mM PMSF. Samples were centrifuged for 15 min 
at 13000 g (Eppendorf 5415R) [17] and supernatants 
were used for the subsequent measurement. The 
level of carbonyl proteins (CP) was detected by re-
action with 2,4-dinitrophenylhydrazine as described 
previously [21]. The resulting 2,4-dinitrophenylhy-
drazones were quantified spectrophotometrically.  
Protein carbonyl content was calculated using the 
absorbance coefficient 22 mM-1cm-1 for 2,4-dinitro-
phenylhydrazone measured at 370 nm. The content 
of carbonyl proteins was expressed in nanomoles per 
milligram of protein [17]. Lipid peroxide (LOOH) 
content was assayed with xylenol orange [22]. Ex-
perimental flies were homogenized with 10 volumes 
of 96% ice-cold ethanol, centrifuged for 5 min at 
13,000 g. Resulted supernatants were used for the 
assay. The content of LOOH was expressed as na-

nomoles of cumene hydroperoxide equivalents per 
gram of fly weight. The content of free thiol groups 
was evaluated by Ellman’s method using DTNB 
[17]. The content of protein thiols groups was calcu-
lated as the difference between protein thiols (P-SH) 
and low molecular mass thiols (L-SH). The content 
of the protein thiols was expressed in mmol per 1 mg 
of protein and low molecular weight per mg of wet 
weight.

Statistical analysis and graphical repre-
sentation. Experimental data are presented as 
mean ± SEM and P < 0.05 is considered as signifi-
cantly different. Statistical analysis was performed 
using “Prism” (GraphPad Software, Inc.).  Tukey’s 
multiply comparison test has been used to compare 
heat shock in, heat shock out, cold shock, SOD and 
catalase activity, GST, G6PDH, IGH, P-SH, L-SH, 
protein carbonyl, LOOH concentration. A two-way 
analysis of variance (ANOVA) was conducted to 
compare the parameters at two factors: diet (with 
different yeast content) and sex (males vs. females).  
Log-rank test was used to analyze survival curves. 
All graphs were generated in “GraphpadPrism7”.

results

Resistance to starvation and oxidative stress. 
In order to understand how protein concentration 
in the diet might impact stress resistance in Dros-
ophila, we analyzed fly survival under starvation 
and oxidative stress. Higher resistance to starvation 
was detected in females that consumed diet with 4% 
(log-rank test, P = 0.0430; χ2 = 4.096) and 10% (log-
rank test, P = 0.0377; χ2 = 4,32) of yeast as compared 
to those fed 15% (Fig. 1, a). Protein-restricted diet 
(0.25% of yeast) led to shorter survival in females at 
starvation as compared to all other diets (log-rank 
test, 4%Y: P < 0.0001, χ2 = 28.08; 10%Y: P < 0.0001, 
χ2 = 30; 15%Y: P = 0.0002, χ2 = 4.12). 

We observed higher survival under oxidative 
stress induced by menadione in males that consumed 
medium with 10% of yeast as compared to 4% (log-
rank test, P = 0.0151; χ2 = 5.909) and 15% (log-rank 
test, P = 0.0013; χ2 = 4.3) (Fig. 1, B). Consumption 
of food with 0.25%Y decreased survival of males as 
compared to all others cohorts (log-rank test, 4%Y: 
P = 0.0274, χ2 = 4.87; 10%Y: P < 0,0001, χ2 = 28.39; 
15%Y: P = 0.0016, χ2 = 9.98). We observed extend-
ed survival in females fed diet with 4% of yeast as 
compared to 0.25% (log-rank test, P = 0.0069; χ2 = 
7.301) and 15% (log-rank test, P = 0.0395; χ2 = 4.24) 
(Fig. 1, B).
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Fig. 1. resistance to starvation (a – males; B – females) and oxidative stress (C – males; D – females). Sur-
vival curves for the experimental flies fed on diets with different yeast content (0.25, 4, 10, and 15%) and con-
stant concentrations of sucrose (4%). Each curve shows the fraction of individuals alive as a function of age 
with about 50 flies per group. Statistical analysis of differences in survival was conducted with a log-rank test
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heat and cold shock resistance. It is known 
that heat shock proteins (HSP) are synthesized in 
response to temperature changes. HSP plays an im-
portant role in physiological stress response and in 
the acquisition of stress tolerance [23]. We assumed 
that heat and cold shock resistance may depend on 
the protein concentration in the diet. Recovery time 
from heat stress in groups significantly depended on 
yeast concentration in the diet (Table; F3,16 = 6.58, 
P = 0.0042) and fly gender (F1,16 = 19.2, P = 0.0005). 
The recovery time was three and two times higher 
in male and female flies that consumed the diet with 
0.25% of yeast as compared to all other experimental 
cohorts (Fig. 2, B; P < 0.0001).  We found that yeast 
concentration in the diet had no impact on the time 
needed for Drosophila heat coma entrance (Fig. 2, a) 
as well as resistance to cold stress (Fig. 2, c).  

First-line antioxidant enzymes activities. 
SOD activity depended on yeast concentration 
(F3,24 = 9.86, P = 0.0002) and fly gender (F1,24 = 36.5, 
P < 0.0001). We observed 30% higher SOD activity 
in males that consumed food with 15% of yeast as 
compared to 0.25% (Tukey’s test, P = 0.0021) and 
4% of yeast (Fig. 3, a; Tukey’s test, P = 0.0086). 
Females fed by diet with 15% of yeast displayed 
~35% higher  SOD activity as compared to 4% 
(Tukey’s test, P = 0.0136) and 10% of yeast (Fig. 3, 
a; Tukey’s  test, P = 0.0068). Catalase activi ty sig-
nificantly depended  on yeast concentration in the 
diet (F3,24 = 10.2, P = 0.0005), sex (F1,24 = 89.9, 
P < 0.0001) and interaction  between sex and diet 
(F3,24 = 8.25, P = 0.0015). We observed ~30% lower 
catalase activity in males that consumed medium 
with 0.25% of yeast as compared to all other experi-

O. Strilbytska, a. Zayachkivska, t. Strutynska et al.
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T a b l e. Statistical analysis (two-way ANOVA followed by Tukey’s honest significance test) of different indices 
presented in this study from Canton-S D. melanogaster flies fed by diet with different yeast concentrations

Parameter
Concentration, DF=3 Sex, DF=1 Concentration*Sex, DF=3
F ratio P F ratio P F ratio P

Heat shock in 6.58 0.0042* 19.2 0.0005* 0.818 0.5027
Heat shock out 53 <0.0001* 39.5 <0.0001* 0.232 0.8727
Cold shock 5.16 0.0110* 2.15 0.1618 2.67 0.0828
SOD activity 9.86 0.0002* 36.5 <0.0001* 2.44 0.0892
Catalase activity 10.2 0.0005* 89.9 <0.0001* 8.25 0.0015*
GST 16.5 <0.0001* 0.401 0.5325 1.52 0.2353
G6PDH 53.5 <0.0001* 205 <0.0001* 18.4 <0.0001*
IGH 14.3 <0.0001* 264 <0.0001* 7.63 0.0009*
P-SH 8.41 0.0014* 263 <0.0001* 4.91 0.0132*
L-SH 6.52 0.0043* 1.75 0.2044 4.9 0.0133*
Protein carbonyl 32.8 <0.0001* 73.1 <0.0001* 8.57 0.0013*
LOOH 9.14 0.0009* 363 <0.0001* 6.51 0.0044*

*Significant difference

mental diets (Fig. 3, B; Tukey’s test, P < 0.0004). 
However, catalase activity in females was not af-
fected by yeast concentration in the diet. 

Second-line antioxidant enzymes activities. 
GST, G6PDH, and IDH indirectly help the cell to 
protect against ROS. They assist the first line an-
tioxidants to combat ROS by supplying reductive 
equivalents such as GSH and NADPH or by elim-
inating oxidatively modified compounds. GST, 
G6PDH could contribute to GSH production, and 
IDH – to NADPH [11]. GST activity was associat-
ed with yeast concentration in the diet (F3,24 = 16.5, 
P < 0.0001). Enzyme activity was significantly in-
creased in males that consumed food with 15% of 
yeast as compared to all other groups (Fig. 4, a; Tuk-
ey’s test, P < 0.0004). Females fed with 15% of yeast 
displayed higher GST activity as compared to 0.25% 
and 4% of yeast (Fig. 4, a; Tukey’s test, P < 0.04). 
G6PDH activity strongly depended on yeast con-
centration (F3,24 = 53.5, P < 0.0001), f ly gender 
(F1,24 = 205, P < 0.0001), and their interaction (F3,24 
= 18.4, P < 0.0001). We found, that G6PDH activity 
in males increased in the order 0.25 < 4 < 10 and 
15% (Fig. 4, B; Tukey’s test, P < 0.0001). Consump-
tion of diet with 10 and 15% of yeast leads to higher 
G6PDH activity in males by 20% as compared to 
4% of yeast (Fig. 4, B; Tukey’s test, P < 0.02), and 
by 65% as compared to 0.25% of yeast (Fig. 4, B; 
Tukey’s test, P < 0.0001). Hence, the lowest G6P-

DH activity was revealed in males that consumed a 
diet with 0.25% of yeast (Fig. 4, B). G6PDH activi-
ty was higher in females that consumed a diet with 
10 and 15% of yeast as compared to those fed diet 
with 0.25% yeast (Fig. 4, B; Tukey’s test, P < 0.03). 
IDH activity in flies was determined by yeast con-
centration in the diet (F3,24 = 14.3, P < 0.0001), fly 
gender (F1,24 = 264, P < 0.0001) and interaction be-
tween these factors (F3,24 = 7.63, p = 0.0009). We 
found, that IDH activity in males increased in the 
order 0.25% < 4% < 15% Y (Fig. 4, c; Tukey’s test, 
P < 0.0001). Consumption of diet with 15% yeast 
caused higher IDH activity in males as compared 
to 0.25% and 4% of yeast (Fig. 4, c; Tukey’s test, 
P < 0.009). The activity of IDH in females was not 
affected by dietary protein. 

Level of the oxidative stress markers. The level 
of protein thiols (-SH) in flies significantly depended  
on yeast concentration in the diet (F3,16 = 8.41, 
P = 0.0014), fly gender (F1,16 = 263, P < 0.0001) and 
interaction between these two factors (F3,16 = 4.91, 
P = 0.0132). Females fed by diet with 0.25% of 
yeast had 30% lower P-SH level as compared to all 
other  experimental cohorts (Fig. 5, a; Tukey’s test, 
P < 0.006). Yeast concentration in the diet did not af-
fect the level of P-SH in males. L-SH content in flies 
significantly depended on dietary yeast (F3,16 = 6.52, 
P = 0.0043) and interaction between yeast concen-
tration in the diet and sex (F3,16 = 4.9, P = 0.0133). 
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Fig. 2. Sensitivity toward heat (a, B) and cold shock 
(C). a – represents the time required to full fly im-
mobility and is referred as heat paralysis. B, C – 
represent the time needed for full recovery of loco-
motion. Points and bars represent mean values and 
standard error of means. results are presented as 
mean ± SEM of 10 different replicates for each sex/
diet. Values were compared by tukey’s test: a – in-
dicates the highest values among all tested groups; 
b – significant difference from “a” with P < 0.05

O. Strilbytska, a. Zayachkivska, t. Strutynska et al.

Fig. 3. SOD (a) and catalase (B) activities in flies 
that consumed diets with different yeast concentra-
tions. results are shown as mean ± Sem, n = 4. 
Values  were compared by tukey’s test: a – indicates 
the highest mean among all tested groups; b – indi-
cates a significant difference from “a” with P < 0.05
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Approximately 50% lower level of L-SH was 
found in males reared on the medium with 0.25% 
as compared to 4% yeast (Fig. 5, B; Tukey’s test, 
P = 0.0301). In females, significantly higher L-SH 
level (by ⁓30%) was observed in flies that consumed 
medium with 15% of yeast as compare to all other 
experimental diets (Fig. 5, B; Tukey’s test, P < 0.03).

Carbonyl groups can be used as a biological 
marker for oxidative damage. ROS can attack on side 
chains of certain amino acids and formed carbonyl 
groups (Stadtman, 1998). Protein carbonyl groups 
(PC) level strongly depended on yeast concentra-
tion (F3,16 = 32.8, P < 0.0001), fly gender (F1,16 = 73.1, 
P < 0.0001) and their interaction (F3,16 = 8.57, 
P = 0.0013). Males fed by diet with 4% and 15% of 
yeast displayed 45% lower PC content as compared 
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Fig. 4. activities of glutathione-S-transferases (a), 
glucose-6-phosphate dehydrogenase (B) and isoci-
trate dehydrogenase (C) in flies that consumed di-
ets with different yeast concentrations. Results are 
shown as mean ± Sem, n = 4. Values were com-
pared by tukey’s test: a – indicates the highest mean 
among all tested groups; b – indicates a significant 
difference from “a” with P < 0.05

to 0.25% (Fig. 5, c; Tukey’s test, P < 0.02). Further-
more, lower PC content was detected in males fed 
by diet with 4% yeast as compared to 10% (Fig. 5, 
c; Tukey’s test, P = 0.0245). Females fed by diets 
with 4% and 10% yeast concentrations displayed 
45% lower PC level as compared to 0.25% and 15% 
(Figure 5C; Tukey’s test P < 0.0004). One of the ini-
tial products of free radical attack on lipids are lipid 
peroxides (LOOH). LOOH level strongly depended 
on yeast concentration (F3,16 = 9.14, P = 0.0009), fly 
gender (F1,16 = 363, P < 0.0001) and their interac-
tion (F3,16 = 6.51, P = 0.0044). Females fed by diets 
with 10 and 15% yeast content displayed 30% higher 
LOOH level as compared to 0.25 and 4% (Fig. 5, D; 
Tukey’s test, P = 0.04). The level of LOOH in males 
was not affected by dietary yeast (Fig. 5, D).

Discussion

Macronutrient balance and content of spe-
cific nutrients, such as protein, affect life-history 
traits, including lifespan and fecundity [13]. Nu-
merous pieces of evidence suggest about lifespan-
extending  effect of low-protein diets in rats, mice 
and Drosophila  [8, 9, 24]. Our previous study 
showed that parental dietary protein-to-carbohy-
drate ratio (P:C) influences lifespan, physiological 
traits and metabolism of not only parental flies but 
in their offspring [25]. Moreover, we demonstrated 
that lifespan and metabolism, are affected by dietary 
sucrose content [26]. We also previously studied that 
variable sucrose content in the diet of parental gene-
ration affects antioxidant capacity in adult offspring 
Drosophila  [27]. Several research investigations 
have described the impact of dietary restriction on 
lifespan in Drosophila that mainly depends on the 
protein content rather than the effect of reduced sug-
ar intake [8]. We thus were interested in the possible 
existence of protein-dependent effects on resistance 
to environmental stresses and antioxidant responses. 
We observed decreased sensitivity to heat-induced 
stress in flies fed by a protein-restricted diet. One 
of the potential mechanisms underlying protein-in-
duced heat tolerance is the induction of heat shock 
proteins under a high-protein diet [28]. In particular, 
it was suggested that consumption of a protein-rich 
diet leads to induction of heat shock gene expression. 
These resulted in increased synthesis of heat shock 
proteins, mostly Hsp22-28 and Hsp70 [29, 30]. Thus, 
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Fig. 5. levels of protein thiol groups (P-Sh) (a), low-molecular-mass thiols (l-Sh) (B), protein carbonyls 
(Pc) (C) and lipid peroxides (LOOH) (D) in D. melanogaster fed diets with different yeast concentrations. Re-
sults are shown as mean ± Sem, n = 4. Values were compared by tukey’s test: a – indicates the highest mean 
among all tested groups; b – indicates a significant difference from “a” with P < 0.05
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the high P:С ratio in the diet is related to thermal 
stress resistance. 

Consumption of food with the lowest yeast 
amount (0.25%) as well as the highest one (15%) led 
to decreased lifespan under starvation and oxidative 
stress (Fig. 1). The mechanism underlying decreased 
stress tolerance under a low-protein diet is unknown. 
Drosophila eukaryotic translation initiation fac-
tor 4E (eIF4E)-binding protein (d4E-BP) activity 
becomes critical for survival under dietary restric-
tion and oxidative stress [31]. Poor nutrition causes 
inhibition of the TOR pathway that leads to 4E-BP 
unphosphorylation and repression of translation. 
d4E-BP activity is essential under starvation and ox-
idative stress conditions [31]. However, high protein 
content contributes to increased production of ROS 
that results in decreased stress resistance [32]. ROS 
overproduction leads to oxidative stress (OS) condi-
tions that is characterized by the imbalance between 
generation and detoxification of these highly reactive 

molecules [11]. It is known that higher protein intake 
may enhance mitochondrial ROS generation and as 
a result increase the activity of antioxidant enzymes 
to prevent the development of oxidative stress and 
restore homeostasis. Indeed, 40% protein restriction 
without strong CR also decreases MitROS genera-
tion and OS [12]. In the current study, we observed 
higher activity of first-line antioxidant enzymes, 
including SOD and catalase in flies fed by a high-
protein diet. Hence, our data confirmed that higher 
dietary yeast concentration enhanced antioxidant de-
fense system in Drosophila.

Increased activity of the second-line antioxi-
dant enzymes, including GST, G6PDH, IDH, may 
also indicate that high protein content in the diet 
leads to ROS overproduction, suggesting an adaptive 
response to protect against cellular OS. Increased ac-
tivity of the antioxidant enzymes facilitates restoring 
the balance, which was disturbed due to ROS over-
production under a high-protein diet [33].
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The most reliable marker of oxidative stress 
is the level of oxidatively modified molecules [14] 
including protein- and low-molecular-mass thiol- 
group-containing compounds, protein carbonyl and 
lipid peroxide contents. Our study has shown that a 
low-protein diet led to a decrease in the level of the 
OS markers. Some sex-specific differences in the di-
etary-induced effects on redox homeostasis might be 
caused by a more extensive biosynthetic metabolism 
in females related to the need to produce eggs [34]. 
Furthermore, such gender differences in response 
to dietary yeast could be caused by differences in 
physiological processes, nutrient demand and/or sex 
differences in insulin/IGF-1 signaling (IIS) [35]. The 
expression of several enzymes important for the cel-
lular defense against oxidative stress is regulated 
by IIS target – the Drosophila forkhead transcrip-
tion factor (dFOXO) in the response to nutrients 
[36]. Studies performed in rodents demonstrated 
decreased contents of protein carbonyls in rat liver 
and lipid peroxidation in rat kidneys under protein 
restriction [37]. Sanz and colleagues demonstrated, 
that a protein-restricted diet decreased the mitochon-
drial ROS production and oxidative DNA damage in 
rats [38].

Evidence confirmed that protein restriction in 
Drosophila leads to TOR signaling inhibition that, 
in turn, results in lifespan extension [39]. There was 
suggested a link between diet, mitochondria, and 
TOR signaling in the regulation of stress resistance, 
metabolism and aging [40]. Consequently, TOR sign-
aling could mediate the effect of protein in the diet 
on metabolism and oxidative homeostasis. Oxidative 
stress development can also be induced by the amino 
acid composition of the consumed protein. It is pos-
sible that decrease in ROS production (and thus in 
oxidative damage) was influenced by lower methio-
nine intake [38]. Alternatively, restriction of methio-
nine or of other essential amino acids can be limiting 
factor for the synthesis of some protein which play 
role in ROS production by complex I [12].

conclusions. These results strongly sup-
port the idea that dietary yeast content affects cer-
tain metabolic and oxidative processes. Our study 
demonstrated , that the increase in the dietary pro-
tein concentration in some cases correlates with 
increased enzyme activities and is associated with 
a higher level of oxidative damage markers such as 
protein thiols, low molecular mass thiols, protein 
carbonyl and lipid peroxide. Based on the results 
we can assume that consumption of a high-protein 

diet could induce oxidative stress in fruit fly. Con-
sequently, oxidative metabolism in D. melanogaster 
strongly correlates with protein intake. The cur-
rent study provides better mechanistic insight into 
the aging process. Dietary proteins influence redox 
signaling processes that are involved in regulating 
survival. 
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Вміст протеїніВ у дієті 
ВплиВає на стійкість до 
стресіВ, окислюВальні 
пошкодження та стан 
системи антиоксидантного 
захисту у Drosophila 
melanogaster
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Дослідження останніх років показали, що 
склад харчового раціону впливає на тривалість 
життя різних груп модельних організмів. Вміст 
основних макроелементів, в тому числі й протеї-
нів та амінокислот, значно позначається на різних 
фізіологічних процесах та поведінці плодової 
мушки Drosophila melanogaster. Було важливо 
з’ясувати ефекти від споживання дієт із різним 
вмістом дріжджів, що виявляються на стійкос-
ті до стресів та функціонуванні системи анти-
оксидантного захисту дрозофіл. Проаналізовано 
вплив чотирьох дієт зі сталим вмістом сахарози, 
які відрізнялися відносним вмістом дріжджів як 
джерела протеїнів на стійкість до холоду, висо-
ких температур, голодування та оксидативного 
стресу, обумовленого дією менадіону, а також на 
активність антиоксидантних ензимів та рівень 
маркерів окисного стресу. Обмеження доступ-
ності протеїнів, а також надмірне їх споживан-
ня призводили до зниження стійкості до голо-
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дування та оксидативного стресу. Однак вища 
стійкість до теплового стресу була обумовлена 
високою концентрацією дріжджів у харчовому 
раціоні. Cпоживання їжі, збагаченої протеїнами, 
спричинювало підвищення активності антиок-
сидантних ензимів. Підвищений вміст тіольних 
груп протеїнів та пероксидів ліпідів у відповідь 
на високі концентрації дріжджів у дієті спосте-
рігався тільки в самок. Дійшли висновку, що 
дієта, збагачена протеїнами може спричинити 
оксидативний стрес у дрозофіл. 

К л ю ч о в і  с л о в а: харчування, дієта, 
оксидативний стрес, обмін речовин, плодова 
мушка.
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